I. INT RODUCTION

G
LOBAL drive towards operating a clean and sustainable electrical power system has resulted in large penetra tions of renewable energy generators (REGs) in distribution networks. However, integration of REGs into distribution networks has given rise to technical challenges such as voltage instability and power quality. The key power quality challenges include steady-state voltage increase, harmonic and inter harmonic voltages, voltage unbalance, and flicker.
Wind energy is a cost effective power generation option which has a low impact on environment. At the end of 2011, the worldwide installed wind capacity was 238 GW, and during the year 2011 a further 41 GW of wind capacity was added to power networks, indicating a 20.81% increase in wind power capacity [1] . At present most of the wind energy generation systems are connected to distribution networks [2] . Therefore, when wind power penetration level increases, that may deteriorate the quality of electricity supply in the distribution network. One of the key power quality issues with respect to wind power generation is flicker [3] .
Many researchers have investigated flicker emission from wind generators [4] [5] [6] . Variable and intermittent nature of wind, aerodynamic effects such as tower shadow effect, and yaw error, are the pertinent factors for flicker emission from wind generators [7] . Studies conducted on flicker emis sion from wind farms have demonstrated instances where flicker emission exceeding the regulatory limits [8] . However, power electronics based wind generators such as doubly-fed induction generators (DFIGs) have significantly lower flicker emission level in comparison to the fixed-speed wind gener ators (FSIGs), due to their robust active and reactive power control capability [6] . However, flicker mitigation capabilities of the DFIG are limited due to reactive power capability characteristics of the DFIG [9] .
Many flicker studies have been conducted considering the unity power factor operation of the DFIG [6] . However, modern grid-codes require wind farms to operate at leading and lagging power factors in order to provide reactive power support to the network and manage the voltage profile of distribution feeders within stipulated grid-code limits [10] . Therefore, flicker emission and propagation studies with dif ferent operating power factors are required to characterise the flicker emission from wind generators.
Furthermore, flicker caused by active and reactive power fluctuations can propagate to upstream and downstream net work with some attenuation. The current technical literature has extensively investigated the flicker transfer and propaga tion [11] [12]. In [11] authors have advocated that the flicker propagation to upstream network depends on the fault level at each location. Similarly, flicker propagation to downstream network is influenced by load composition [l3]. However, these studies are based on distribution network where active and reactive power flow is uni-directional. With the increasing penetration level of embedded generators such as wind gen eration, active and reactive power flow become bi-directional. Therefore, flicker propagation must be investigated to char acterise the flicker levels under bi-directional power flows in distribution feeders. In addition, distribution system loads may also influence on flicker propagation and attenuation [14] . Flicker attenuation from induction motors was well researched in technical literature [15] [16]. However, flicker propagation and attenuation due to other load types such as constant power and constant current loads have not been adequately researched.
The objective of the current research is to investigate the flicker propagation and attenuation in distribution networks with wind generation. In addition, influence of different load types (i.e. constant impedance, constant current, constant power and induction motor loads) on flicker propagation and attenuation will also be investigated, A wind farm consisted of DFIG wind generators has been modeled in DIgSILENT Power Factory [17] [18] in order to investigate flicker emission from wind generation, This paper is structured as follows: Section II investi gates the impact of different load types (e,g, constant power, constant current, constant impedance) on flicker propagation. The influence of operating power factor of a wind farm on flicker emission is presented in Section III, Flicker propagation in distribution network with wind generation is investigated in Section IV Section V presents a case study on flicker propagation in a distribution feeder consisted of different load types and a wind farm. Finally, the conclusions and the future studies are presented in Section VI.
II, INFLUENCE OF LOAD TYPE ON FLICKER PROPAGATION
In order to investigate the effects of constant impedance (Z), constant current (I), and constant power (P) load types on flicker propagation, a 11 kV network with a flicker source is modeled in DIgSILENT Power Factory (see Fig, 1 ), The flicker source is a rectangularly modulated 11 kV voltage source with a modulation frequency (f m ) of 10 Hz and modulation depth ( � V) of 0,1%, Fig. 2 -(a) and (b) illustrate the flicker transfer coefficients (Tps,) for Z, I and P loads with capacities from 1 MVA to 5 MVA with 0.9 power factor, are connected to the terminal A and terminal B respectively. Flicker transfer coefficient (Tps,) is given by;
where, P st,load and P st,load are the short-term flicker severity at the source terminal and load terminal.
Figs, 2-(a) and -(b) illustrate that presence of constant power and constant current loads has exacerbated the flicker levels at the load terminal. Furthermore, the flicker transfer coefficient increases with the increase in load MVA capacity and impedance between the flicker source and the load. For instance, flicker transfer coefficient has increased from 1.02 to 1.095 when the MVA capacity of the constant power load connected to terminal A is increased from 1 MVA to 5 MVA. Similarly, flicker transfer coefficient has increased from 1.095 to 1.225 if 5 MVA constant power load with 5 MVA capacity is moved from terminal A to terminal B. Similar observations can be made with respect to constant current loads, However, the constant impedance load has less impact on flicker level at the load busbar. 
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.2 u::: In order to explain the behaviour of Z, I and P loads on flicker propagation, flicker transfer coefficient in (1) can be modified as; .6. Vc;ource
where � Vsource, � Vioad, Vsource and Vioad are voltage change at the source terminal, voltage change at the load termi nal, steady-state voltage at the source terminal and steady state voltage at the load terminal respectively. The steady state voltage at the load terminal depends on the type of the load connected to the load terminal. However, the ratio Vsource/Vioad is greater than unity for most distribution sys tems loads irrespective of its load type ( i.e. Z, I or P).
When a constant current load is connected, the voltage change at the load terminal is equal to voltage change at the source terminal, since the current flow in the network is con stant. However, the relative voltage change ( i.e. � Vioad/Vioad) will be greater at the load busbar compared to the relative voltage change ( i.e. � Vsource/Vsource) at the source busbar (since Vsource is greater than Vioad)' Accordingly, flicker levels at the load busbar will be greater than flicker levels at the source busbar. In the presence of constant power loads, voltage change at the load terminal aggravate, in order to maintain the active and reactive power constant (i.e. � Vioad/ � Vsource > 1).
Consequently, the flicker level at the load terminal is high in comparison to a constant current loads. In contrast the voltage change occurring at the load terminal will attenuate and will be less than the voltage change at the source terminal, if a con stant impedance load is connected (i.e. � Vioad/ � Vsource < 1). However, since Vsource/Vioad > 1, T P s t will remain constant at unity. In addition, � Vsource, � Vioad, Vsource and Vioad are dependent on line impedance and line XIR ratio. Consequently, the flicker transfer coefficient will also be dependent on the impedance between the source and the load and distribution line XIR ratio.
III. FLICKER EMISSION OF WIND FARMS UNDER DIFFERENT OPERATING POW ER FACTORS
The impact of the operating power factor of a wind farm on flicker emission is analysed in this section. A 19.5 MW (1.5MW x 13) DFIG wind farm connected to a 33 kV distribution line was modeled in DIGSILENT Power Factory [17] . The schematic of the modeled MV network is given in Fig. 3 . The network parameters and characteristics of the wind profile for the study case is given in Table I . The operating power factor of the wind farm was varied from leading power factor 0.85 to lagging power factor 0.85. Short-term flicker severity at the point of COlmnon coupling (PCC) of the wind farm under variable wind conditions [19] was recorded in accordance with IEC 61000-4-15 [20] . Flicker emission from the wind farm as a function of operating power factor is given in Fig. 4 . Fig. 4 illustrates that when the wind farm is operating at leading power factors, flicker emission has significantly increased when compared to unity power factor case. For example, short-term flicker severity which is 0.19 under unity power factor operation has increased to 0.42 when operating under 0.85 leading power factor. Pst has further decreased to 0.14 if the operating power factor is changed to 0.95 lagging power factor. However, Pst will then gradually increase if the operating power factor is further changed to 0.90 and 0.85 lagging power factors. When the wind farm is operating at a leading power factor active and reactive power flow from wind farm to the grid. Therefore, with decreasing power factor ( i.e. increasing reactive power) voltage change (�V) will become severe, since R-�p and X . �Q components add together. In contrast, when operating at lagging power factor, reactive power flow is in the opposite direction to active power flow. Thus, � V will reduces leading to a low Pst value. However, if the operating power factor is further reduced, X '�Q term in (3) will become dominant, and � V will start increasing. Consequently Pst value will increase.
Moreover, mean wind speed, wind turbulence intensity, short-circuit ratio at the point of grid connection of a wind farm and grid impedance angle (i.e. distribution line XlR ratio) have been identified as parameters which influence on flicker emission [6] . Thus, the impact of strong short circuit capacity at the point of grid connection and XIR ratio of the distribution line, on flicker emission was investigated under various operating power factors. The short-term flicker severity for different power factors as a function of short circuit capacity at the HV buabar of the substation, and as function of distribution line X/R are given in Fig. 5 . Fig. 5-(a) demonstrates that if a wind farm is connected to a strong HV grid, flicker level at the PCC is marginally lower, compared to a wind farm connected to a weak HV grid. In Therefore, short-circuit capacity of the HV busbar will not substantially impact on flicker emission from the wind farm. Moreover, since HV grid is mainly inductive, higher short circuit capacity will have a negligible effect on flicker emission at unity power factor. Therefore, short-term flicker severity will remain approximately constant with increasing short-circuit ratio as seen in Fig. 5-(a) . Fig. 5-(b) illustrates that XIR ratio of distribution line affects flicker emission and depends on the operating power factor of the wind farm. Flicker emission from the wind farm reduces with increasing XIR ratio when operating at unity power factor, due to the reduction of effective resistance at the pee [6] . Likewise, flicker levels will reduce under leading power factor operation, with increasing XIR ratio. However, the reduction is not significant compared to the unity power factor operation. This is due to the influence of X·6,.Q component, in (3), which increases with effective reactance (X). In contrast, if the wind farm is operating at a lagging power factor Pst is observed to reach a minimum value and then keep on increasing with 4 XIR ratio. For instance, the wind farm when operating at a 0.90 lagging power factor will have a Pst value of 0.23 at the pee if it is connected to through a line with XIR ratio of 0.1. However, if the wind farm is connected through a line with XIR ratio of 1, it will produce flicker level of 0.17. If the same wind farm is connected through a line with XIR ratio of 10, it will give arise to a flicker level of Pst = 0.3059. This is because when XIR ratio is increased to less than one Similar study was conducted to assess the impact of wind speed and turbulence intensity on the flicker emission when operating at leading and lagging power factors. Flicker levels at the pee of the wind farm are exacerbated with the increase of turbulence intensity independent of operating power factor. Similarly the flicker emission from the wind farm aggravates with increasing wind speed up to a certain wind speed value and then reduces as shown in [6] , irrespective of operating power factor.
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IV. FLICKER PROPAGATION IN THE DISTRIBUTION NETWORK WITH WIND GENERATION
Flicker caused by the variable active and reactive power output from the wind farm will propagate to different parts of the network with some attenuation. However, propagation depends on the operating power factor of the wind farm as illustrated in Fig. 6-(a) . Fig 6-(b) depicts the change of Pst as a function of the short-circuit capacity at each busbar.
With reference to Fig. 6 -(b) flicker propagated from the wind farm diminish with the increase of short-circuit capacity along the feeder, when the wind farm is operating in leading power factor. For example th e short-term flicker severity of 0.3640 at the pee of the wind farm (corresponds to short-circuit level of 97 MVA) has been reduced to 0.1266 at the MV busbar (corresponds to short-circuit level of 191 MVA), under 0.95 leading power factor operation. Similar observation can be made with reference to the unity power factor. However it is observed that flicker level recede at the T_T1 terminal compared to the MV busbar under unity power factor operation. This is because there is a small amount of reactive power injection/absorption from the wind farm even at unity power factor operation. This is due to the fact that the controller of the DFIG is not fast enough to respond to the active power change. In contrast, the flicker levels have remained approximately constant irrespective of the short circuit capacity when operating with lagging power factor, as the flow of active and reactive power are in two different direction. Furthennore, flicker level at the MV busbar has aggravated under lagging power factor compared to the same leading power factor. The effective impedance at the MV busbar is mainly reactive, therefore, only the reactive power change will lead to the voltage change at the MV bus bar.
Therefore, the relative voltage change ( i.e. 6,. V IV, where V is the voltage at the MV busbar) is greater when the wind farm is absorbing reactive power (due to V being lower when the reactive power is absorbing compared to reactive power is injecting). Accordingly, Pst will be higher under lagging power factor operation. In addition, flicker propagation from distribution network to the HV network is substantially less irrespective of the operating power factor of the wind farm as seen in Fig. 6-(b) . 0040 ,------,-----,-----,---,------,---,-----, - 
V. CASE ST UDY
Section II demonstrate that the Z, I and P loads respond distinctively when connected to a electrical network with a flicker source. Therefore, the impact of such loads when they are connected to a distribution network with a wind farm need to be investigated. A schematic of the network discussed in Section III with loads connected to terminal T_Tl to T_T5 is given in Fig. 7 buses under previously discussed scenarios. Fig. 8-(a) demonstrates that the flicker emission from the wind farm, and the flicker propagation to upstream network is well dependent on the load composition of the feeder . Flicker levels has exacerbated when loads are connected to the network, compared to the case where there are no loads connected. For instance, short-term flicker severity at terminal T_T3 has increased from 0.1815 to 0.2426 when constant impedance loads are present in the network. Moreover, the flicker levels are severe when constant power loads are con nected to the network. In comparison with constant power loads, flicker has attenuated when induction motor loads are connected to the network as illustrated in [15] . The comparison of induction motor loads with constant impedance and constant current loads are not possible as the power drawn by each load is different. Furthermore, it can be observed that the behaviour of ZIP load resembles the behaviour of constant current load. This is due to, increase of voltage change (�Vioad) by the constant power component of the load is canceled by the attenuation of voltage change by the constant impedance component of the load. Moreover, the flicker levels at the 11 kV terminals are also dependent on the load type connected to the distribution feeder as shown in Fig. 8-(b) .
VI. CONCLUSION
This paper investigates flicker propagation characteristics of a distribution feeder with wind generation. Initially flicker propagation characteristics were analysed for different load types using a standard flicker source connected to a dis tribution feeder, and it has shown that constant power and current loads exacerbate the flicker levels at the load terminal. Furthermore, this study has shown that flicker emission and flicker propagation along a distribution feeder depends on operating power factor of the wind farm and the impedance of the feeder. A case study was developed using a distribution feeder consisted of a wind farm and investigated the flicker propagation along the distribution feeder with different load types and has illustrated the influence of the load types on flicker propagation. The outcome of the study is beneficial for improving the existing flicker emission standards in wind generation. Future studies will investigate flicker propagation with different control strategies and capability characteristics for wind generators. A mathematical model will also be developed in order to characterise the flicker propagation and attenuation with bidirectional power flows in distribution feeders.
